[1] Summer hydrographic data show a dramatic warming of the bottom water layer over the eastern Siberian shelf coastal zone (<10 m depth), since the mid-1980s, by 2.1°C. We attribute this warming to changes in the Arctic atmosphere. The enhanced summer cyclonicity results in warmer air temperatures and a reduction in ice extent, mainly through thermodynamic melting. This leads to a lengthening of the summer open-water season and to more solar heating of the water column. The permafrost modeling indicates, however, that a significant change in the permafrost depth lags behind the imposed changes in surface temperature, and after 25 years of summer seafloor warming (as observed from 1985 to 2009), the upper boundary of permafrost deepens only by ∼1 m. Thus, the observed increase in temperature does not lead to a destabilization of methane-bearing subsea permafrost or to an increase in methane emission. The CH 4 supersaturation, recently reported from the eastern Siberian shelf, is believed to be the result of the degradation of subsea permafrost that is due to the long-lasting warming initiated by permafrost submergence about 8000 years ago rather than from those triggered by recent Arctic climate changes. A significant degradation of subsea permafrost is expected to be detectable at the beginning of the next millennium. Until that time, the simulated permafrost table shows a deepening down to ∼70 m below the seafloor that is considered to be important for the stability of the subsea permafrost and the permafrost-related gas hydrate stability zone.
Introduction
[2] The Arctic Ocean marginal seas are an important component of the Arctic environment and Earth's climate system. The recent decrease of perennial sea ice during the summer season over the Arctic shelves [Comiso et al., 2008; Stroeve et al., 2008; Kwok and Rothrock, 2009] has imposed severe changes on the Siberian shelf environment. These include the timing of sea-ice freezeup and breakup [Markus et al., 2009] , the offshore migration of the seasonal ice zone , and a substantial increase in the extent and duration of the summer ice-free period when the water column is exposed to solar heating and wind-forced mixing. In addition, the total annual discharges from the six largest Eurasian rivers draining into the Arctic show a positive trend [Peterson et al., 2006] and recently reached an all-time record high in 2007 [Rawlins et al., 2009] .
[3] The eastern Siberian shelf, consisting of the Laptev and East Siberian seas, represents the shallowest and broadest shelf region of the entire World Ocean, with an average depth of about 20-30 m and extending a distance of 400-800 km from the shoreline ( Figure 1 and Table 1 ). In contrast, the Beaufort and Chukchi shelves are about 50 to 100 m deep and constitute a rather narrow Arctic shelf region. This topographic feature makes the eastern Siberian shelf very sensitive to the offshore northward seasonal migration of the sea-ice cover as well as to changes in atmospheric circulation. Changes in the offshore summertime pack ice extent and open-water duration are the most important factors controlling the trends in upper layer heat content in this region .
[4] The eastern Siberian shelf is underlain by relic offshore submarine permafrost in an environment that is favorable for the stability of gas hydrates [Delisle, 2000; Romanovskii et al., 2004 Romanovskii et al., , 2005 . Submarine permafrost and permafrost-related gas hydrate stability zone (GHSZ) are believed to be storing significant amounts of methane [e.g., O'Connor et al., 2010] . The dramatic changes in the Arctic environment in recent years may have wide significance for methane release from the Arctic continental margins if warming of the coastal waters continues and the submarine permafrost becomes thermodynamically unstable. The dissociation of hydrate in response to increased temperature has the potential to produce rapid releases of methane [Westbrook et al., 2009] . Up to now, there has been no evidence that such emissions have yet increased because of global warming [O'Connor et al., 2010] . However, numerous speculations regarding the shelf submarine permafrost degradation and liberation of methane have been proposed recently, with emphasis on a possible implication for further climate changes [Reagan and Moridis, 2007; Westbrook et al., 2009; Shakhova et al., , 2010 . Recently, Shakhova et al. [2010] reported extensive methane venting in the eastern Siberian shelf and suggested that the subsea permafrost could become unstable in a future warmer Arctic. In response to this statement, Petrenko et al. [2010] argued that no persuasive arguments have yet been provided to show that Arctic warming has a role in the observed rate of methane emission. [5] In this paper we examine the eastern Siberian shelf bottom layer hydrography and in particular the bottom water layer thermal stability with the potential implication for the stability of the submarine permafrost and the permafrostrelated GHSZ. This research is directly motivated by recent reports by and Shakhova et al. [ , 2010 on the high concentration of methane measured over the eastern Siberian shelf, which, as they suggest, is likely associated with thawing of the underwater permafrost. To this end, we revisit the Russian historical hydrographic data set for the period 1920-2009 in order to examine the modern trend of the bottom layer hydrography associated with climatic changes. We show unequivocal evidence of the bottom layer warming from the middle of 1980s. We also undertake a broader review of the processes that control the seabed warming and discuss the stability of subsea permafrost based on simulation of its sensitivity to the changing shelf environment.
Materials and Methods

Hydrographic, Sea-Ice, and Meteorological Data
[6] The first data set used in this study is the Arctic and Antarctic Research Institute (AARI) hydrographic data set, which consists of summer (July-September) and winter (February-April) salinity and temperature observations updated with recent summer and winter measurements from 1993 to 2009. Throughout this paper we use the common definition for the summer season ranging from June to September and for the winter season ranging from November to April. This is done despite the fact that there are no hydrographic data available for June and NovemberJanuary. Winter historical hydrographic data were obtained during Soviet aircraft surveys in the 1960s through the 1990s and more recently from the Russian-German TRANSDRIFT expeditions in 1996, 1999, 2008, and 2009 . Summer shipbased observations were collected in the ice-free regions of the Laptev and East Siberian seas in . Over the last several years, this data set has been extensively used to assess the different patterns of the eastern Siberian shelf hydrography (for example, see Dmitrenko et al. [2008 Dmitrenko et al. [ , 2009 ; Polyakov et al. [2008] ).
[7] From the bottom topography, we subdivide the eastern Siberian shelf into eight subregions (Figure 1 ). The coastal zone shallower than 10 m represents subregions 1 and 5. The inner shelf (subregions 2 and 6) and midshelf (subregions 3 and 7) extend from 10 m to 30 m and from 30 m to 50 m in depth, respectively. The outer shelf (subregions 4 and 8) occupies an area with depths between 50 and 100 m. The geographical and hydrographical characteristics of these eight subregions are shown in Table 1 . The 1920-2009 time series of annual summer (July-September) mean bottom layer temperature (BLT) and bottom layer salinity (BLS) for the Laptev and East Siberian seas subregions (as defined in Figure 1 ) are calculated by integrating vertically and spatially the annual summer temperature and salinity data over the 5 m thick bottom layer and surface area over each subregion. The data coverage for each subregion is defined in the following manner. All data are first binned into a regular grid with 20 km horizontal resolution, and then the percentage of coverage is defined as the percentage of grid cells in a subregion with data.
[8] To examine the BLS and BLT errors that are due to the scarcity in data coverage of the coastal zone and inner shelf, we calculate the summer mean BLTs and BLSs of 1000 random subdomains covering 0% to 100% of the datacovered subregion area for years when the station data cover is at least 80% of the entire subregion (see Figure 1c) . The BLTs and BLSs of the 1000 randomly selected subdomains were calculated and then compared with the true annual BLTs and BLSs calculated from the BLTs and BLSs for the subregion areas covered with data coverage larger than 80%. From the variance in BLTs and BLSs (calculated from the difference between the "true" and the subsampled values) we derive an estimate of the 95% confidence level for the entire subregion. This is shown using error bars in Figures 3c, 3d , 4c, and 4d. This procedure is explained in more detail by Dmitrenko et al. [2008] .
[9] We use summer (June-September) mean sea-ice extent data over the Laptev and East Siberian seas from the National Snow and Ice Data Center (http://nsidc.org/data/ g02182.html) [Mahoney, 2008] . These sea-ice time series are derived from the sea-ice charts of the AARI, St. Petersburg (see Mahoney [2008] for more details). Monthly mean river discharge data were taken from the Arctic-RIMS (Regional Integrated Monitoring System) data set (http://rims.unh.edu). From this data set, only data from rivers with runoff exceeding 20 km 3 for the whole hydrological summer (defined as the months between river ice break up and freezeup, June-September) were taken into account. Bottom topography was derived from the International Bathymetric Chart of the Arctic Ocean (IBCAO; http://www.ngdc.noaa. gov/mgg/bathymetry/arctic/arctic.html).
[10] The time series of summer (June-September) mean surface air temperature (SAT) and atmospheric pressure (SLP) were calculated from the National Centers for Environmental Prediction (NCEP;1948-2009 time period) data [Kalnay et al., 1996] by averaging over the Laptev and East Siberian seas regions. The summer (June-September) mean SLP data are used to calculate the vorticity of the atmosphere over the adjoining Arctic Ocean. The horizontal resolution of the NCEP-derived data is 2.5°of latitude.
[11] We use a vorticity index to formalize the patterns of atmospheric circulation over the eastern Siberian shelf and adjoining Arctic Ocean. The vorticity index gives both the sign and magnitude of atmospheric vorticity [Walsh et al., 1996] . It is defined as the numerator of the finite difference Laplacian of the SLP for an area within a radius of 550 km centered at 85°N and 125°E, a region located in the Arctic Ocean close to the northeastern Laptev Sea. A negative vorticity index corresponds to an anticyclonic atmospheric circulation, and a positive index corresponds to a cyclonic circulation. Summer (June-September) mean vorticity indices were derived from monthly SLP NCEP data.
Permafrost Model
[12] We investigate the subsea permafrost response to the summer (July-September) bottom layer warming and freshening observed over the Laptev Sea coastal zone. To this end we use a permafrost model that explicitly takes into account the effect of salt diffusion in the seafloor sediments and the temporal evolution of the temperature and salinity profiles, calculated taking into account the BLT and BLS seasonal cycling based on our long-term mean data for the Laptev Sea coastal zone.
[13] The core of the permafrost dynamical model used in this study is based on Delisle [2000] . In this model, however, we also include salt diffusion in the bottom sediments following Anisimov et al. [2005] . The model accounts for the latent heat at the phase change boundary through adjustment of the volumetric heat capacity when the sediment temperature approaches 0°C. Thermal conductivity depends on the liquid pore water and ice fraction in the sediments. Thermal and mass fluxes are coupled in the model. Following Anisimov et al. [2005] , the key model equations can be written as
where
[14] In these equations t is the time; dz is the thickness of the element; Т is the sediment temperature (°C); L is the latent heat (J/kg); W is the liquid pore water fraction in the sediments, m 3 /m 3 ; r w is the pore water density, kg/m 3 ; W u is the unfrozen water content (m 3 /m 3 ), defined as the difference between the liquid pore water fraction and the ice fraction in the pore space; l is the thermal conductivity of sediments (W/mK); c а is the effective heat capacity of sediments (J/kg K); с is the specific heat capacity of sediments (J/kg K); S is the salinity of water in the sediment pore space (in practical salinity units, psu); and D S is the salt diffusion coefficient for the seafloor sediments defined as
where D S0 is the salt diffusion coefficient for the seawater and t is the tortuosity factor for the pore space (∼1.5).
The buoyancy-and density-driven flow processes are not constrained.
[15] The coupling of thermal and mass fluxes is prescribed by the last term in equation (1). Mathematical realization follows that by Nicolsky and Shakhova [2010] . Physical constants in the heat diffusion equation are specified following Anisimov et al. [2005] and Nicolsky and Shakhova [2010] . The geothermal heat flux at the low boundary of frozen sediments was set to 0.06 W/m 2 [Anisimov et al., 2005; Nicolsky and Shakhova, 2010] .
[16] The model was run with the monthly time step and a vertical resolution of 10 cm. The forcing BLT and BLS data are given by a step function as follows. In the summer (June-September) and winter (November-April) seasons, we set the seafloor temperature and salinity to a constant seasonal-mean BLT and BLS. In the transition season (May and October), we fix the bottom layer temperature and salinity to their mean values between summer and winter.
[17] The initial temperature profile (8000 years B.P.) across the upper 800 m layer of sediments represents a linear temperature distribution from −13.5°C at the surface to 7°C at 800 m, which follows Delisle [2000] . During that time, the frozen ground is assumed to be uncontaminated by salt. Approximately 8000 years B.P., the terrestrial permafrost, which presently extends over the east Siberian coastal zone, started to be inundated, and the temperature at its upper boundary was increased by ∼12°C, from −13.5°C to −1.5°C [Fleming et al., 1998 ]. The initial vertical temperature profile for 1985 is set from the output of a paleosimulation starting 8000 years B.P. (before the shelf inundation) until 1985. A long-term (1920-1984) summer-mean BLT = 1.1°C and BLS = 20.9 psu and winter-mean BLT = −1.4 and BLS = 26.6 psu are used to force the model from 8000 years B.P. to 1984. From 1985 to 2100, we impose a linear trend in summer BLTs of 0.09°C/yr, equal to the modern warming trend observed from 1985 to 2009 (see section 3.1 for more details). Afterward, we keep the BLT constant (11.5°C) until the year 3000.
Results
Recent Changes in Siberian Shelf Environment
[18] During the summer (June-September), the eastern Siberian shelf bottom layer hydrography is forced by direct solar radiation heating and heat input from Siberian River runoff. This heat is used in part to warm up the water column and in part to melt sea ice. These result in substantial bottom layer warming over the coastal zone and inner shelf up to 2.0 ± 1.5°C (Figure 2a) , and freshening relative to winter ranging from 1 to 5 psu (not shown; for more details see Dmitrenko et al. [2010] ). During winter, thermodynamic ice formation causes convection that ventilates bottom waters, resulting in cooling ( Figure 2b ) and salinification of the bottom layer through brine release. This generates a strong seasonal modulation of the thermohaline signal at the base of the water column, particularly in the coastal zone and inner shelf region (Figure 2 ). In the midshelf and outershelf Laptev Sea areas deeper than 30-50 m, we observe a positive gradient in the BLT in the offshore direction ( Figure 2a ) and no significant seasonal variability (Figures 2c  and 2d ). The offshore BLT gradient is due to the Atlantic water boundary current transporting warm and saline water from the North Atlantic downstream along the Eurasian continental margins [Dmitrenko et al., 2010] . In the following we focus on the coastal zone and inner shelf, where the seasonal BLT amplitude is maximal and the summer BLT is well above the freezing temperature (Figure 2 ; see also Dmitrenko et al. [2010] for details). In contrast to summer, winter exhibits weak interannual changes (less than ±0.2°C; compare Figures 2c and 2d) , with the midshelf and inner-shelf BLTs near the freezing point (not shown). Consequently, we will discuss more specifically the summer BLT tendency in which permafrost-related changes can potentially be important and permafrost can be expected to be coldest, deepest, and oldest based on the reconstruction of the Holocene transgression at the North Siberian margin [e.g., Bauch et al., 2001] .
[19] The 1920-2009 time series of annual summer mean BLTs and BLSs calculated for the inner shelf and coastal zone of the Laptev and East Siberian seas are shown in Figures 3 and 4 , respectively. A quasi-decadal BLT oscillation of approximately ±0.5°C to ±1°C is present, with periods of both bottom layer warming and cooling (Figures 3c  and 4c ). Both seas exhibit a local bottom temperature minimum around 1962-1964 and 1982-1985 , and a local maximum in the late 1950s and 1970s (Figures 3c and 4c) . After the mid-1980s, this quasi-decadal periodicity in the coastal BLT is superimposed with a large warming for both the Laptev and East Siberian seas. For the Laptev Sea coastal zone, from 1984 to 2009, the BLT increased by 2.1°C, corresponding to a yearly increase of 0.09°C (Figure 3c ). In 2007, the Laptev Sea coastal BLT was at its maximum (∼5.9°C) for the entire period of field observations (Figure 3c ). While the data coverage over the East Siberian Sea shelf is more sparse in space and not completely continuous in time (Figures 1b and 1c) , a similar BLT warming tendency over the coastal zone has been observed since 1984 (Figure 4c ). For the coastal zone of both the Laptev and East Siberian seas, the warming trend from the mid1980s is statistically significant at the 95% confidence level. Over the Laptev Sea inner shelf, the warming tendency in the BLT is less pronounced, with the BLT rising by 0.8°C from 1984 to 2009 (Figure 3c ). This temperature rise is not statistically significant. In contrast to the Laptev Sea, the East Siberian Sea inner shelf experiences a statistically insignificant cooling of 0.25°C from 1984 to 1995 (Figure 4c) .
[20] The 5 year running mean SAT for the Laptev and East Siberian seas is highly correlated with the 5 year running mean atmospheric vorticity (0.59 and 0.64, respectively). These correlations (and others presented later) are statistically significant at the 95% confidence level ( Table 2 ). The summer sea-ice extent, however, shows no correlation with atmospheric vorticity. In contrast, it significantly correlates with summer SATs (−0.50 and −0.79 for the Laptev and East Siberian seas, respectively). As a result of the positive trend in vorticity and SAT over 1984-2009, we observe an enhanced thermodynamic ice melt, a lengthening of the open-water season, as well as more solar heating of the upper water layer. For the vertically mixed water column of the Laptev Sea coastal zone, this results in a BLT highly correlated with SAT (0.69). Despite the strong vertical salinity stratification, this high correlation extends northward over the Laptev Sea inner shelf (0.66). For the East Siberian Sea coastal zone, this correlation is 0.68. For the East Siberian Sea inner shelf, however, the correlation (r = 0.40) is below the 95% level of statistical significance ( Table 2 ). The enhanced sea-ice thermodynamic melting during positive vorticity phases is consistent with bottom layer freshening (Figures 3a, 3d, 4a, and 4d) . In fact, the temperature and salinity time series are negatively correlated at −0.64 and −0.61 for the Laptev Sea coastal zone and inner shelf, respectively. The East Siberian Sea inner shelf exhibits similar patterns, with BLTs and BLSs negatively correlated at −0.54. In contrast, for the East Siberian Sea coastal zone, this correlation is not present. Over the Laptev and East Siberian Sea inner shelves, BLSs negatively correlate with atmospheric vorticity (−0.60 and −0.59, respectively; Table 2 ). A similar, but not statistically significant, correlation between the BLS and vorticity also exists for the Laptev and East Siberian seas coastal zone (−0.43 and −0.37, respectively; Table 2 ).
[21] For the coastal zone and inner-shelf bottom layer, no thermohaline signature can be clearly attributed to the river discharge interannual variability. This is the case even in 2007, when the Siberian River discharge was maximal over the entire observational record [Rawlins et al., 2009] , and the Laptev Sea BLSs were slightly above the climatic mean (Figure 3d ).
Subsea Permafrost Dynamics: Numerical Modeling
[22] Thawing at the upper boundary of subsea permafrost in response to the BLT warming trend during summer (see experiment for the time period 2009 to 2100 (with a linear summer BLT trend) and 2100 to 3000 (with a constant summer BLT of 11.5°C) shows a permafrost table deepening of ∼5 m after 50 years, ∼9 m after 100 years, and ∼48 m after 1000 years relative to its modern provisional state in 2009 ( Figure 5 ). Over the same time periods, the control runs without BLT trends show a deepening of the permafrost table by 0.1 m, 0.2 m, and 2 m, respectively. Overall, the modeling results show enhanced rates in downward subsea permafrost degradation (∼0.10 m/yr) from 2010 to 2100, while, for 1985-2009 and 2100-3000, it is significantly slower (∼0.04 m/yr). Up to 96% of this degradation is associated with the imposed warming trend. The rest is due to the response of the permafrost to the submergence of the continental shelf ∼8000 years B.P.. After year ∼2240, the thawing front extends deeper than the interface between fresh and salt-contaminated sediments (heat diffusion is faster than salt diffusion), and sediments below the thawing front remain frozen at temperatures below their freezing point temperature of 0°C (Figure 6 ).
[23] Figure 6 shows the temporal evolution of vertical temperature profiles across the upper 250 m below the seafloor. For 1985, the simulated temperature profile (dark blue line) shows an ∼1°C difference from those modeled by Delisle [2000] (black line), in part because of the effect of salt diffusion, which is taken into account in the present simulation, but more important because of the difference in the upper boundary condition for temperatures taken by Delisle [2000] (constant −1.5°C) compared with the one used in this study (seasonal cycle included). In fact, this offset is a measure of the modeling uncertainty to the temperature boundary condition, an unknown for the time period before the era of instrumental observations. The upper 4 m layer with the highest temperature gradients represents the active layer with the most significant seasonal changes in temperature [e.g., Osterkamp et al., 1989] .
[24] In general, the simulated physical properties of subsea sediments for 1985 ( Figure 6 ) are consistent with those measured in 2005 from a seafloor drilling program in the Laptev Sea coastal zone at ∼7 m water depth [Rachold et al., 2007] . The upper layer of sediments down to the depth of 30 m below the seafloor has been found unfrozen at ∼−1°C, with pore water salinity ranging from 4 psu above the permafrost layer to 24 psu near the seafloor. The underlying frozen sediment temperature observations range from −1°C to −1.6°C with a salinity of ∼1.5 psu [Rachold et al., 2007] . Similar to the results of direct measurements for 2005, the simulated temperature of sediments down to 25 m is below 0°C (dark blue line in Figure 6 ). Note that the sediments can still remain unfrozen because of the salt contamination. However, the model results clearly show a warming from 1985 onward, down to ∼30-70 m (Figure 6 ). This is in contrast with results from Rachold et al. [2007] and Junker et al. [2008] that show almost-constant temperature profiles. This indicates that summer BLT warming, observed in the region since 1985, was not yet sufficient to trigger noticeable changes in subsea sediments of the Laptev Sea coastal zone.
Discussion: Siberian Shelf Environment and Potential for Subsea Permafrost Instability in the Siberian Arctic
[25] Results from a multiple correlation between BLTs and various atmospheric and sea-ice indices (Table 2) show that, during summer, the inner shelf and coastal bottom layer are mainly controlled by atmospheric vorticity on quasidecadal timescales. The BLT generally cools when the vorticity index is negative (anticyclonic) and warms when the vorticity index is positive (cyclonic) because of coldwarm air advection during negative-positive vorticity phases (Figures 3a, 3c , 4a, and 4c and Table 2 ). Our results also clearly show evidence for increased SAT and enhanced atmospheric cyclonicity over the eastern Siberian shelf since the mid-1980s (Figures 3a, 3b, 4a, and 4b) . This is consistent with enhanced summer cyclonicity over the Eurasian Basin from 1979 to 2008 [Simmonds et al., 2008; Simmonds and Keay, 2009] . The reason for the sea-ice decline is in part due to a lengthening of the open-water season and consequently more solar heating of the upper water layer .
[26] Using satellite passive microwave data from 1979 to 2007, Markus et al. [2009] reported a statistically significant (at the 99% confidence level) positive tendency in the freezeup onset by 7 days/decade in the Laptev and East Siberian seas. This is the largest trend recorded over the entire Arctic Ocean area. Over the same time period, a negative trend in melt onset (i.e., toward an earlier melt) of 3 days/decade (statistically significant at the 95% confidence level) was observed [Markus et al., 2009] . Overall, the Laptev and East Siberian seas exhibit a positive trend in melt season length of ∼10.5 days/decade. This is among the top four regions of the Arctic Ocean with the greatest trends in melt season length (the other three regions are Hudson Bay, the East Greenland Sea, and the Chukchi/Beaufort seas). Over the eastern Siberian shelf, the melt season has lengthened by almost 30 days since 1979 [Markus et al., 2009] .
[27] Over the coastal zone, where the water column is well mixed, the surface heating directly impacts the bottom layer temperature. For the vertically stratified water of the inner shelf, the surface heating penetrates down to the seafloor through wind-forced mixing associated with storm events. The enhanced summer cyclonicity over the Eurasian Basin also results in an eastward diversion in the river water pathways along the eastern Siberian coast and the formation of coastal currents . Over the Laptev and East Siberian seas inner shelves and coastal zone, the negative correlation between the BLS and atmospheric vorticity (Table 2 ) points to the role of alongshore eastward wind-driven fresh water transport from the Laptev Sea to the East Siberian Sea during the positive vorticity phase . This supports our general assessment that the sea-ice melting due to positive SAT anomalies together with eastward flowing riverine water results in bottom layer freshening when the cyclonicity of the atmosphere is positive. In general, this also implies the role of vertical mixing in transporting fresh and warm water anomalies downward to the seafloor. In contrast to the cyclonic regime, anticyclonic atmospheric circulation results in the influx of more saline waters from the Chukchi Sea into the East Siberian Sea [Dmitrenko et al., 2005; Semiletov et al., 2005] and riverine water migration from the eastern Siberian shelf to the Arctic Ocean through the northeastern Laptev Sea . This implies one important consequence for the Siberian shelf environment and bottom layer hydrography. Weaker density stratification over the inner shelf favors enhanced wind-driven vertical mixing and bottom layer ventilation in summer and fall that leads to additional warming of the bottom layer. Our results presented in section 3.1 are broadly consistent with this assessment. In summary, our hydrographic data show a dramatic warming of the bottom water layer over the eastern Siberian shelf coastal zone since the mid-1980s by 2.1°C, which is attributed to changes in the Arctic atmosphere.
[28] There are several models that explore thermal adjustment and dynamics of the submerged frozen ground to changes in seafloor temperatures, along with other factors, including enhanced geothermal heat fluxes in areas underlain by fault zone [Romanovskii and Hubberten, 2001] , thermal effects of riverine water [Delisle, 2000] , and thermokarst [Nicolsky and Shakhova, 2010] . All these studies consider that a thermal adjustment of frozen ground to a temperature increase is associated with inundation that occurred ∼8000 years B.P. In addition, in all these studies, a constant annual mean seafloor temperature is assumed following the inundation. Modeling shows that, at present, away from the geomorphologic and geological patterns like thermokarst depressions, river paleovalleys, fault zones etc., the subsea permafrost is still adjusting to the 12°C warming, with a reduced temperature gradient at the base of the permafrost layer, leading to slow upward degradation that is due to geothermal heat flux [Delisle, 2000; Romanovskii and Hubberten, 2001] . Control simulations made without marine salt diffusion into the permafrost are consistent with these results [Nicolsky and Shakhova, 2010] . Model runs including salt diffusion revealed a significant layer of thawed ground material down to a depth of ∼100 m overlaying the frozen sediments [Nicolsky and Shakhova, 2010] . In general, our hindcast simulation for 1985 ( Figure 6 ) is consistent with this study. However, our modeling shows thinner layers of unfrozen sediments (∼25 m), which is in agreement with direct observations by Rachold et al. [2007] .
[29] In contrast to the cited modeling studies, the primary purpose of our research is to evaluate the potential effect of recent climatic warming on the subsea permafrost instability. In our forecast simulation we use extreme and schematic climate scenarios, rather than any of the Intergovernmental Panel on Climate Change (IPCC) projections. For example, for the Laptev Sea coastal zone from 1985 to 2009, we observe a 2.1°C increase in the summer BLT in response to a 2.5°C increase in the summer SAT (Figures 3b and 3c) . For the time period from 2010 to 2100, the summer BLT increases linearly from ∼3°C to 11.5°C (i.e., an 8.5°C increase; see Figure 5 ). In contrast, for the Laptev Sea coastal zone, the IPCC projects a summer sea surface temperature (SST) increase of only 3°C-4°C [e.g., Teng et al., 2006] . For the chosen climate scenario, our modeling clearly shows a warming of sediments from 1985 onward, down to ∼30-70 m (Figure 6) , with a thawing front propagating downward from 5 m after 50 years, 9 m after 100 years, and 48 m after 1000 years of experiencing the BLT trend ( Figure 5 ). Is this important for the liberation of methane or not?
[30] We have been motivated by the potential of subsea permafrost thawing and GHSZ instability to produce rapid releases of methane in response to recent climate changes. Based on numerical simulations [Delisle, 2000; Romanovskii et al., 2005] , the upper boundary of the GHSZ over the Siberian shelf coastal regions lies within the permafrost at a depth ∼200 m below the seafloor (note that seismic profiling in the Laptev Sea midshelf reveals a signature of the CH 4 -enriched sediments already ∼10-15 m below the seafloor [Rekant et al., 2009] ). However, it remains unclear whether some CH 4 hydrates can also be stored within the permafrost layer and, if so, how big this reservoir is [O'Connor et al., 2010] .
[31] The simulated impact of the summer BLT warming on projected degradation of subsea permafrost (at most ∼1 m) from 1985 to 2009 is not significant for enhancing CH 4 emission from the thawed sediments. Recent and projected constant warming trends over the next 50 and 100 years will affect only the upper tens of meters of the subsea permafrost (Figures 5 and 6) . Indeed, the response time of permafrost thawing (centuries) to the seafloor warming is long compared with the timescale of the recent instrumental record of CH 4 emissions (decades), and therefore the enhanced rate of CH 4 emissions in response to recent climate warming cannot yet be detected.
Summary and Conclusions
[32] Summer hydrographic data show a dramatic warming of the bottom water layer over the eastern Siberian shelf coastal zone (<10 m depth) since the mid1980s, by 2.1°C. We attribute this warming to changes in the Arctic atmosphere. The enhanced summer cyclonicity results in warmer air temperature and a reduction in ice extent, mainly through thermodynamic melting. This leads to a lengthening of the summer open-water season and to more solar heating of the water column.
[33] The permafrost modeling shows that a significant change in the permafrost depth lags behind the imposed changes in surface temperature. Thus, a significant degradation of subsea permafrost is expected to be detectable only at the beginning of the next millennium. Until that time (the year 3000), the simulated permafrost table shows a deepening down to ∼70 m below the seafloor ( Figure 5 ). This depth of the frozen permafrost is still less than that of the GHSZ, but only within errors of the simulated depth of the GHSZ upper boundary. Taking into account the uncertainties in the simulated results and lack of direct observations, this deepening is considered to be important for the stability of the subsea permafrost and the GHSZ.
[34] In summary, our results do not support the hypothesis that the recent CH 4 supersaturation, reported by Shakhova et al. [2010] , was triggered by recent Arctic climate changes. Instead, it is more likely the result of the continuous degradation of subsea permafrost associated with the warming initiated by permafrost submergence ∼8000 years B.P.. Overall, while our data provide evidence of drastic bottom layer heating over the coastal zone during summer, the increase in temperature could not produce an immediate response in thawing the subsea Arctic permafrost causing the increase in methane emission. In this context, we share a viewpoint of Petrenko et al. [2010] that "a newly discovered CH 4 source is not necessarily a changing source, much less a source that is changing in response to Arctic warming." Marine hydrates are destabilized on timescales of millennia because of the large inertia associated with oceanic circulation and heat propagation in sediments [O'Connor et al., 2010] . Continuing climate change, however, may significantly increase summer seafloor bottom temperatures over the coastal zone, which may have an important impact on the stability of offshore submarine permafrost already in the next millennium.
